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Abstract: As vane inlet temperatures and turbine loadings are increasing, the aerodynamic and
thermal management for the endwalls of gas turbines have received increased attention. Non-
axisymmetric endwalls are becoming popular due to their proficient capabilities to modify the
secondary flow fields and to change the film cooling performance on the endwalls. In this study,
by considering the interaction between mainstream and purge flow based on non-axisymmetric
endwall contouring, the numerical research model used in the present research was established.
Based on the validated numerical method, the influence of the non-axisymmetric endwall contouring
on the film-cooling effectiveness and aerodynamic characteristics was studied. Furthermore, the
effect of different inclination angles on the film-cooling performance of the contoured endwalls
was also investigated. The results indicate that for the high-load turbine vane used in this research,
various types of non-axisymmetric endwall contouring can alter the aero-dynamic characteristics
and cooling performance simultaneously. By inhibiting the secondary flows, non-axisymmetric
endwall contouring can reduce the total cascade pressure loss coefficient by 0.305%. In addition, non-
axisymmetric endwall contouring can significantly enhance the effective coverage area of purge flow
up to 28.29%, and the endwall near the suction side can achieve better cooling performance. Finally,
non-axisymmetric endwall contouring can improve the protective effect of large-angle purge flow.

Keywords: non-axisymmetric; film cooling; aerodynamic characteristics; purge flow; numerical simulation

1. Introduction

In recent years, to increase the thermal effectiveness of gas turbines due to the current
vast energy needs, the turbine inlet temperature and pressure have become incredibly
high [1–3]. Additionally, the technology used in diffusion burners has been updated to
minimize NOx emissions, and it can cause a steadier turbine inlet temperature distribution
and increase the heat load of endwall surfaces in turbines [4]. Hence, the efficient and stable
operation of gas turbines requires an in-depth investigation of the cooling and aerodynamic
characteristics at turbine endwalls.

The application of high-load turbines can obtain a substantial thrust-to-weight ratio
but can also enhance the lateral pressure gradient in cascade passage, which aggravates
the typical three-dimensional flow features within a turbine passage—the secondary flows
of endwalls. Denton [5] pointed out that 2/3 of endwall losses come from the boundary-
layer fluids of the cascades, and secondary flow loss can account for more than 50% of
aerodynamic losses in the first-stage stator blades of turbines with a small aspect ratio. To
reduce secondary flow loss, some noted scholars have devoted themselves to unraveling the
fundamentals of non-axisymmetric endwalls. Rose [6] first proposed the basic principle of
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endwall contouring design in 1994: the regional profile of the endwall near the pressure side
forms humps to accelerate the fluid and forms valleys near the suction side to decelerate the
fluid to reduce the uneven distribution of static pressure in the endwall, and to inhibit the
development of the secondary flows. Subsequently, R.R. Company and Durham University
took planar cascade as the research object and proposed the “FAITH Endwall Forming
Method” [7]. In addition to investigating the characteristics of the flow fields of endwalls,
many scholars have combined the optimization algorithm with endwall contouring to
distribute several control points on the surfaces of endwalls. By altering the parameters of
the control points and setting some optimization goals for iteration, an endwall profile that
meets anticipated requirements is ultimately obtained. After analyzing the influence of
local endwall contouring on aerodynamic performance using the global sensitivity method,
Chen et al. [8] stated that under the action of flow acceleration, the passage vortex is far
away from the endwall, and the aerodynamic loss core is suppressed.

Due to the separate processing and installation of multiple gas turbine components,
there are inherent gaps between the combustion chamber and the first-stage guide vane,
as well as between the guide vane and the rotor blade. In engineering applications, to
prevent gas from invading the clearance area and to protect the downstream endwall at the
same time, the coolant needs to be extracted from the compressor [9,10] and shot into the
mainstream flow through a slot. Zhao et al. [11] experimentally studied the effect of purge
flow and main flow interaction. The results pointed out that the purge flow promotes the
generation of the passage vortex near the suction side. Sundaram et al. [12] performed
experiments to determine that at a constant coolant-to-mainstream mass flow ratio (MFR),
the purge-cooling effectiveness and coolant spreading area were both enhanced when the
width of the slot decreased. Du et al. [13] documented that the tangential ejection angle
significantly influenced the effectiveness of endwall cooling. Tao et al. [14] reported that
with the help of a contracted cross-sectional geometry, the purge slot could accelerate the
coolant to improve the cooling effectiveness dramatically. Babu et al. [15] used numerical
methods to reveal the development mechanism of the pressure-side boundary layer under
the influence of non-axisymmetric contouring endwall with purge flow and found that
endwall contouring can provide very effective endwall protection. Zhang et al. [16] com-
bined the Kriging model with the NSGA-II algorithm and studied the influence of swirl
purge flow on non-axisymmetric endwall. The results show that two optimal contours
are able to increase the adiabatic effectiveness of the endwall separately by 3.518% and
2.177%, respectively, but the flat endwall achieved the best phantom cooling performance.
Tao et al. [17] numerically studied the gas–thermal properties of non-axisymmetric end-
walls with purge flow and found that there were significant differences in the gas–thermal
properties of different endwall regions after contouring. Mensch et al. [18] discovered that
endwall contouring inhibited the development of the passage vortex, weakened the mixing
of the slot jet and the mainstream, and, thus, improved the effectiveness of film cooling.

Up until now, there have been few studies considering the impact of non-axisymmetrical
endwall contouring on cooling performance in endwalls with purge flow. Furthermore,
the effect of the slot ejection angle on cooling performance within a non-axisymmetrical
endwall is seldom considered. As established above, based on the endwall contouring
technology of the differential pressure method, the aerodynamic and cooling characteristics
of endwall contouring and the effect of the jet ejection angle on the cooling performance of
the contoured endwall are numerically studied in this paper.

2. Computational Method and Validation
2.1. Geometrical Model

In this research, the computational model was obtained by magnifying the first-
stage guide vane of a typical commercial engine by a factor of nine [12]. Figure 1 plots
the geometric model used in the experiment and numerical simulation. A baseline flat
endwall is used as a benchmark for the non-axisymmetric endwalls. D is the diameter of
the film hole in reference [12]. To reveal the effects of the purge flow more clearly, the
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computational model in this paper does not arrange the leading edge’s film holes. The
geometric parameters of the model are consistent with those in the literature. The specific
geometric parameters and boundary conditions of the cascade are listed in Table 1.
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Figure 1. Schematic diagram of the vane with an upstream slot. (a) Experimental model. (b) A-A
cross-section of the experimental model. (c) Computational model. (d) A-A cross-section of the
computational model.

Table 1. Geometric parameters.

Parameters Value

Chord length of blade C 594 mm
Axial chord of blade Cax 293 mm

Pitch, P/C 0.77
Span/Chord, S/C 0.93

Upstream slot width 0.024 C
Hole, L/D 8.3

Inlet and exit angles 0◦ & 72◦

Hole diameter D 4.6 mm
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2.2. Turbulence Model Validation and Boundary Conditions

Grid refinement is employed for all of the solid walls to better resolve the flow details.
The O-type mesh is generated to discretize the solid walls of the computation domains
to ensure that the y+ value is in an appropriate range. To provide fully developed inlet
conditions, such as the boundary layer, velocity, and turbulence, the length of the inlet
section is determined to be 0.75 times that of the chord length. To prevent backflow, the
length of the outlet section was 1.2 times that of the chord length. All of the solid wall
surfaces are adiabatic without slipping. Table 2 provides the specific boundary conditions
of the cascade from the experiment.

Table 2. Computational boundary conditions.

Parameters Value

Mainstream inlet total temperature 333.19 K
Mainstream inlet total pressure 107.64 kPa
Coolant inlet total temperature 293.15 K

Rein 2.1 × 105

Inlet Ma 0.017
Inlet turbulence intensity 1%

Outlet Ma 0.085
Outlet static pressure 107 kPa

Flow ratio(coolant/mainstream) 0.6%

The specific definitions of the formulas used in this study are listed below:

η = (T∞ − Taw)/(T∞ − Tc) (1)

M = (ρcVc)/(ρ∞V∞) (2)

MFR = mc/m∞ (3)

Cp =
P − P1

m∞
m∞+mc

P∗
0,∞ + mc

m∞+mc
P∗

0,c − P1
(4)

ξ =
m∞

m∞+mc
P∗

0,∞ + mc
m∞+mc

P∗
0,c − P∗

1

P∗
1 − P1

(5)

where Taw, T∞, and Tc are the wall adiabatic temperature, mainstream temperature, and
coolant temperature, respectively; ρc and ρ∞ are the densities of the coolant and mainstream
fluid; Vc and V∞ are the velocities of the coolant and the main flow, respectively; mc and m∞
are the mass flows of the main flow and cooling flow, respectively; and P∗

0,∞ is the total inlet
pressure of the mainstream, P∗

0,c is the total inlet pressure of the slot jet, P is the local static
pressure, P1 is the outlet’s static pressure, and P∗

1 is the outlet’s total pressure, respectively.
Before the contouring, to verify the numerical method and assure the credibility of

the predicted results, the three-dimensional Reynolds-Averaged Navier–Stokes (RANS)
must select turbulence models based on flow characteristics. We have minutely com-pared
the predictions of standard k-ω, SST k-ω, standard k-ε, and RNG k-ε to experiment in
previous study [19]. The experimental result come from Sundaram et al. [12] at a blowing
ratio of 1.0 of film holes and 0.3 of the upstream slot.

On the other hand, Figure 2 presents a quantitative comparison of area-averaged (the
region is shown in Figure 1) effectiveness for the experimental model along the whole
leading edge region at the slot’s blowing ratio is 0.3. The standard k-ε model, standard
k-ω model, and RNG k-ε model are found to overestimate the film cooling effectiveness
at a higher blowing ratio. On the contrary, there is an underestimation of the diffusion
of coolant at a lower blowing ratio. The SST k-ω model achieved the highest simulation
accuracy, which is similar to the previous turbulence model verification result [19]. Thus,
all of the numerical calculation in this paper adopt the SST k-ω turbulence model. In the
experiment, the blowing ratio is used to manipulate the purge flow, but most studies
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on purge flow currently adopt the mass flow ratio. Therefore, with the exception of the
blowing ratio used to verify the numerical method in this paper, the mass flow ratio is used
in the subsequent numerical studies.
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Figure 2. The area averaged cooling effectiveness of the leading edge region under different film
hole-blowing ratios.

2.3. Mesh Independence Verification

The numerical simulation results are significantly affected by the number of grids in
the computational domain. To ensure reliable simulation results and to save computing
resources, this section uses grid numbers of 3 million, 4 million, 5 million, and 6 million
to carry out independent verification. During refinement, the grids increase in the same
proportions along the X, Y, and Z directions. The average film-cooling effectiveness on the
whole surface of the endwall is shown in Table 3:

Table 3. Average cooling effectiveness for different grid numbers.

Grid Numbers η

3 × 106 0.0652
4 × 106 0.0655
5 × 106 0.0658
6 × 106 0.0659

The verification results show that when the total grid number is 5 million, reliable
calculation results can be obtained. Considering the simulation accuracy and the consumption
of computing resources, this paper selects a grid number of 5 million for numerical simulation.

2.4. Non-Axisymmetric Endwall (NEC) Design

Using the pressure difference method in combination with the static pressure dis-
tribution of the flat endwall, the non-axisymmetric endwall (NEC) is modeled using the
trigonometric function. The basic steps are as follows:

(1) The static pressure distribution of the flat endwall for a non-purge flow is obtained
numerically(as shown in Figure 3);
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(2) Axial control function;

∆p = max
(

Pps − Pss
)

(6)

A(z) = C ∗ H ∗
Pps − Pss

∆p
(7)

where H represents the span of the vane, and C controls the radial amplitude of the endwall
profile, which is selected by the percentage of span. Pps and Pss are the static pressure at
the blade root along the pressure side and suction side, respectively. At the same time, the
b-spline curve is used to fit Equation (7) to ensure a smooth and continuous endwall surface.

As shown in Figure 4, 17 control lines are distributed from the inlet to the outlet
of the vane passage. Figure 3 demonstrates that in the range of 30% to 70% Cax, the
circumferential pressure gradient is more prominent, so in this field (Figure 4, area 1), the
contouring precision should be improved, and more control lines should be distributed.
However, it can be seen that the radial amplitude of the first control line is 0, which is
different from our expectations. The second line is maintained at a Cax distance of 0.5%
from the leading edge to avoid the problem.

(3) Half-cycle circumferential function;

X1(y, z) = A(z)sin

[
y − a(z)+b(z)

2
a(z)− b(z)

]
(8)

(4) Full cycle circumferential control function:

X2(y, z) = −A(z)sin
[

2π
y − b(z)

a(z)− b(z)

]
(9)

X3(y, z) = A(z)sin
[

2π
y − b(z)

a(z)− b(z)

]
(10)
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Figure 4. Distribution of asymmetric control lines on the end wall.

Figure 5 illustrates four cases of non-axisymmetric endwall contouring, where Case
1 is modeled by the half-cycle circumferential control function (X1(y, z)), Case 2 is modeled
by local contouring at 10%-to-100% Cax via the half-cycle circumferential control function
(X1(y, z)). Case 3 and 4 are the result of X2(y, z) and X3(y, z), respectively. Figure 6 shows
the local grid diagram with a non-axisymmetrical endwall.
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3. Results
3.1. Flow Field and Aerodynamic Analysis

The aerodynamic performance and cooling characteristics of endwalls are affected by
the secondary flow structures and the interactions between the purge flow and mainstream
flow. Figure 7 clearly elucidates the static pressure coefficient at the root of the vane. The
results point out that the NEC can significantly alter the static pressure at the root of the
vane near the suction side but has almost no impact near the pressure side and that the
half-cycle circumferential function can greatly reduce the circumferential pressure gradient.
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When 0.1 < Z/Cax < 0.7, both Case 1 and Case 2 decelerate and boost the secondary
flows due to the valley near the suction side, and the circumferential pressure difference
decreases. During the range of 0 < Z/Cax < 0.65, for Case 3, because of the valley on the side
of the suction side, the secondary flows slow down and increase the static pressure. As for
Case 4, during the range of 0 < Z/Cax < 0.1, the lateral differential pressure is reduced, and
at the position of 0.1 < Z/Cax < 1.0, the overall transverse pressure difference is increased
on account of the hump.

On the other hand, it is vital to clarify the impact of different NECs on the passage
vortex. Figure 8 depicts the axial vortex distribution of various NECs at the four position
sections: the leading edge, 0.1 Cax, 0.4 Cax, and 0.7 Cax.

Ω = ωzC/UInlet (11)
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The consequences portray how the NECs could hinder the development of the horse-
shoe vortex. In the section of the leading edge, there is no noticeable difference in the
horseshoe vortex. At the 0.4 Cax and 0.7 Cax cross-sections, Cases 1, 2, and 4 show the
attenuation of the passage vortex loss core. Among them, Cases 1 and 2 inhibit the develop-
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ment of the passage vortex because of half-cycle contouring, which extremely reduces the
circumferential pressure gradient, and Case 4 forms a hump between the suction-side and
the pressure-side legs of the horseshoe vortex, destroying the evolution of the pressure-side
leg of the horseshoe vortex, limiting it in the valley, and then weakening the strength of
the passage vortex. Case 3 creates a hump between the pressure-side leg of the horseshoe
vortex and the pressure side, forcing the pressure-side leg of the horseshoe vortex to ap-
proach the suction side. It is worth mentioning that compared to Case 1, Case 2 dilutes the
suction-side leg of the horseshoe vortex.

Figure 9 plots the limit streamlines of the coolant and the mainstream flow under
different NECs, clearly revealing the intermixing and transport of flows. The incoming flow
is separated into two legs: the pressure-side leg and the suction-side leg of the horseshoe
vortex. At the flat endwall, the suction-side leg of the horseshoe vortex flows to the suction
side under the action of the transverse pressure gradient. The pressure-side leg of the
horseshoe vortex continually absorbs the low-energy fluid in the region near endwall to
institute the passage vortex. The blue arrow indicates the position where the pressure-
side leg of the horseshoe vortex reaches the suction side. On the whole, Cases 1 and
2 significantly reduce the circumferential pressure gradient and inhibit the development
of the pressure-side leg of the horseshoe vortex. In addition, due to the lack of a small
value valley buffer, Case 2 creates a low-pressure region at 10% Cax, where the secondary
flows briefly converge (as shown in Figure 9c). As for Case 3, because of hump contouring
between the pressure-side leg of the horseshoe vortex and the pressure side, the pressure-
side leg of the horseshoe vortex reaches the suction side in advance. In Case 4, due to the
formation of a hump between the suction-side leg and pressure-side leg of the horseshoe
vortex, the pressure-side leg of the horseshoe vortex is confined in the valley to impede
development. Meanwhile, a part of the pressure-side leg of the horseshoe vortex climbs
along the hump and then converges with the suction-side leg of the horseshoe vortex to
form a stagnation region (as shown in Figure 9e), which increases aerodynamic losses.

The total pressure loss coefficient tells the flow loss via the examination of the reduction
of the total pressure in the cascade. Table 4 records the reduction percentage of the average
total pressure loss coefficient at the outlet and is based on a flat endwall. It can be seen that
Cases 1, 2, and 3 can lessen the total pressure loss by a maximum of 0.305%, indicating that
the reduction of the circumferential pressure difference can inhibit the growth of secondary
flows. Moreover, although Case 4 weakens the strength of the pressure-side leg of the
horseshoe vortex, the increase in the circumferential pressure difference is not conducive to
reducing aerodynamic losses.

Table 4. Non-dimensional total pressure loss coefficient.

Case ∆ξ/%

Case 1 0.114
Case 2 0.272
Case 3 0.305
Case 4 −1.800

To sum up, for the high-load turbine vane selected in this paper, under the condition
of purge flow cooling, an NEC based on the differential pressure method can reduce the
aerodynamic losses of the cascade by lowering the transverse pressure difference, and Case
3 has the best aerodynamic characteristics. On the contrary, Case 4 achieves the worst
aerodynamic performance.
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3.2. Film Cooling Performance Analysis

Figure 10 points out that with the limit of the suction-side leg and pressure-side leg
of the horseshoe vortex, the purge flow is not evenly distributed on the endwall and has
an insufficient coverage effect on the leading edge of the vane and the endwall near the
pressure side, constantly moving toward the suction side. Due to the constrained transverse
pressure gradient in Case 1 and Case 2, the enrolling ability of the passage vortex to purge
flow is inhibited, and the coolant is restricted to the area closer to the endwall near the
suction side. In Case 3, owing to the hump around the pressure side, the pressure-side leg
of the horseshoe vortex is closer to the suction surface, the purge flow is also sucked by it,
and the cooling effect decreases immensely. In Case 4, due to the hump near the suction
side, the purge flow is slightly affected by the pressure-side leg of the horseshoe vortex and
achieves great coverage. It should be noted that in a location in Case 4, where the hump
contouring amplitude is the largest, the film cooling effectiveness is lower than it is in the
surrounding area.
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Obviously, NECs will increase the surface area of endwalls. Hence, a dimensionless
effective coolant coverage area Ae is introduced to quantify the effects of the NEC on purge
flow. An area of η > 0.05 is chosen as the effective coverage area of coolant, and the area
from the outlet of the slot to the endwall of the trailing edge is A f .

Ae = Ae/A f (12)

Table 5 shows the increase in ∆Ae by taking the effective coverage area of the flat
endwall as the basis for different NECs. The results indicate that in Case 1, Case 2, and
Case 4, the coverage area of the coolant can still be significantly increased by increasing
the endwall surface area, and the maximum increase is observed in Case 4. Compared
with Case 1, due to the weakening of the suction-side leg of the horseshoe vortex, Case 2’s
coverage area of coolant increased by 3.33%.
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Table 5. The ∆Ae of different non-axisymmetric endwalls.

Case ∆Ae/%

Case 1 8.41
Case 2 11.74
Case 3 −4.13
Case 4 28.29

To explain the influence of different NECs on the film cooling performance in more
depth, the axial distribution of the laterally average film effectiveness of the flat endwall
and the NECs are shown in Figure 11. Overall, Case 4 can improve the laterally averaged
film effectiveness of the entire endwall compared to the flat endwall. Case 2 enhances
the laterally averaged film effectiveness of region Z/Cax > 0.2; for Case 1, although the
area covered by coolant is increased, the global laterally averaged film effectiveness is
decreased. Case 3 has the worst cooling performance, similar to what is observed in
Figure 10. In addition, various NECs can improve the film cooling effectiveness in the
range of Z/Cax > 0.75.
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3.3. Effect of Slotting Angle on Gas Film Cooling Characteristics of Molded Endwall

At a certain mass flow rate, the slotting angle will impact the mixing of purge flow
and the mainstream flow, thus, affecting the endwall’s cooling performance. Combining
the conclusions in Section 3.2 with the aerodynamic and cooling characteristics, this section
investigates the influence of 30◦, 45◦, and 60◦ angles (as shown in Figure 12) on the cooling
characteristics in Case 1 and Case 2. In this section, the other parameters remain unchanged,
with the exception of changing the incident angle of the slot, W = 10 mm.

Table 6 shows the increase based on the effective coverage area of the initial endwall
at different incident angles—∆Ae. Figure 13 states the purge flow cooling effectiveness
distribution at different angles, and the results indicate that the angle has a great influence
on the coverage of the coolant; under the 30◦ inclination angle, the momentum of the radial
component of the coolant is the smallest. The coolant can better cover the endwall, and the
film-cooling effectiveness on the pressure side is significantly increased. On the contrary,
due to the large radial component’s momentum at the 60◦ inclination angle, a small amount
of coolant covers the endwall. In this context, Case 1 and Case 2 weaken the passage vortex,



Machines 2023, 11, 134 14 of 16

with a small amount of coolant on the endwall being fully diffused and protecting the
downstream area of the suction surface.
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Table 6. The ∆Ae of different non-axisymmetric endwalls with variable Slotting angles.

Case ∆Ae/%

Initial contour-30◦ 33.99
Case 1-30◦ 36.18
Case 2-30◦ 36.98

Initial contour-60◦ −27.22
Case 1-60◦ −22.55
Case 2-60◦ −19.71
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To further illustrate the influence of different incident angles on the cooling perfor-
mance in different areas of the endwall, Figure 14 shows the axial distribution of the
laterally average film effectiveness of the endwall. The results show that the angle of 30◦ is
favorable for coolant covering the endwall, and Cases 1 and 2 reduce the laterally averaged
film effectiveness. When the inclination angle is 60◦, Case 2 can improve the laterally
averaged film effectiveness throughout the whole passage.
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4. Conclusions

Based on the validated numerical method, the effectiveness of the proposed NECs
is explored on a guide vane of a typical commercial engine. To better find the desirable
solutions, different cases are compared from the aerodynamic and cooling characteristics.
The main conclusions of this paper are drawn as follows:

(1) For the computational model of the study, the NEC based on differential pressure
contouring can decrease the aerodynamic losses in the cascade by reducing the lateral
pressure differences. Case 3 has the best aerodynamic characteristic, and the total
pressure loss coefficient of the cascade is reduced by 0.305%.

(2) The NEC can significantly increase the coverage area for coolant, and Case 4 is up
to 28.29% higher than the Initial contour. To balance the aerodynamic and cooling
characteristics, Case 2 achieves the best outcome, with the total pressure loss coefficient
of cascade being reduced by 0.272% and the non-dimensional effective coverage area
of coolant increases by 11.74% compared to the baseline endwall.

(3) Endwall molding can improve the protective effect of a jet with a large slot angle but
has no obvious effect on a jet with a small angle. Compared to the Initial contour-60◦,
the coverage area of coolant is increased by 7.51% with Case 2-60◦. In contrast, based
on the Initial contour-30◦, Case 2-30◦ slightly enhances the coverage area of coolant
by 2.99%.

Overall, this paper proposes an efficient non-axisymmetric endwall contouring ap-
proach through numerical simulation. In the near future, we will design relevant experi-
ments to verify the effectiveness of the modeling method in this paper.
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